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2Abstract
This study evaluated the ingestion of sodium bicarbonate (NaHCO3) on post-exercise acid-
base balance recovery kinetics and subsequent high-intensity cycling time to exhaustion.
In a counterbalanced, crossover design, nine healthy and active males (age: 23±2 years,
height: 179±5 cm, body mass: 74±9 kg, peak mean minute power (WPEAK) 256±45 W, peak
oxygen uptake (VV̇O2PEAK) 46±8 ml.kg-1.min-1) performed a graded incremental exercise test,
two familiarisation and two experimental trials. Experimental trials consisted of cycling to
volitional exhaustion (TLIM1) at 100% WPEAK on two occasions (TLIM1 and TLIM2) interspersed
by a 90 min passive recovery period. Using a double blind approach, 30 min into a 90 min
recovery  period  participants  ingested  either  0.3  g.kg-1 body  mass  sodium bicarbonate
(NaHCO3) or a placebo (PLA) containing 0.1 g.kg-1 body mass sodium chloride (NaCl)
mixed  with  4  ml.kg-1 tap  water  and  1  ml.kg-1 orange  squash.  The  mean  differences
between TLIM2 and TLIM1 was larger for PLA compared to NaHCO3 (-53±53 vs. -20±48 s;
P=0.008, d=0.7, CI=-0.3, 1.6), indicating superior subsequent exercise time to exhaustion
following NaHCO3.  Blood lactate [BLa-]  was similar  between treatments  post  TLIM1,  but
greater for NaHCO3 post TLIM2 and 5 min post TLIM2. Ingestion of NaHCO3 induced marked
increases (P<0.01) in both blood pH (+0.07±0.02, d=2.6, CI=1.2, 3.7) and bicarbonate ion
concentration  [HCO3-]  (+6.8±1.6  mmo.l-1,  d=3.4,  CI=1.8,  4.7)  compared  to  the  PLA
treatment,  prior  to  TLIM2.  It  is  likely  both  the  acceleration  of  recovery  and  the  marked
increases of acid-base after TLIM1 contributed to greater TLIM2 performance compared to the
PLA condition.
Key words: buffering, metabolic alkalosis, fatigue
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3Introduction
Current evidence suggests resisting fatigue, defined as a loss of the capacity for force
production,  is  somewhat  dependent  upon  the  intracellular  and  extracellular  buffering
systems. This is thought to be imperative during short duration high-intensity exercise (e.g.
intense work periods comprising of a large anaerobic energy demand of around 1-10 min
duration), whereby mitigating critical rises in hydrogen ions (H+) and reductions in blood
and muscle pH are important (Finsterer, 2012;  Fitts, 2016). These biochemical changes
are  suggested  to  be  a  limiting  factor  in  the  usage  of  nonoxidative  energy  sources
(predominantly anaerobic glycolysis), caused by a reduction of both release and uptake of
calcium ions (Ca2+) from the sarcoplasmic reticulum, the rate of glycolysis/glycogenolysis,
and cross-bridge cycling, which combined, lead to a disturbance in the ability for muscle
contraction (Linderman and Fahey, 1991; Cairns, 2006). To counteract the performance
limiting  effects  of  a  low  muscle  and  blood  pH,  researchers  have  investigated  the
importance of orally ingested ergogenic strategies including the acute ingestion of sodium
bicarbonate  (NaHCO3)  to  improve  the  body’s  extracellular  buffering  capability
(McNaughton et al., 2016). Pre-exercise ingestion of NaHCO3 is proposed to increase the
pH gradient between the intracellular and extracellular environments enhancing H+ efflux
out of muscle myocytes protecting intramuscular acid-base homeostasis, therefore aiding
muscle contraction and potentially delaying the onset of fatigue (McNaughton et al., 2008;
Carr et al., 2011; Bishop, Edge and Goodman, 2004).
A meta-analysis revealed that pre-exercise ingestion of NaHCO3 in the form of a 0.3 g.kg-1
body mass (BM)  dose translates  into  a 1.7% (±2.0%) positive  effect  on  high-intensity
exercise of short duration (e.g. 1-10 min; Carr et al., 2011a), although this is not universally
observed (McNaughton et al., 2016). Despite plentiful literature examining the effects of
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4pre-exercise  ingestion  of  NaHCO3  on  acute  exercise  performance  (for  review  see
McNaughton et al., 2016), in comparison, the strategy of NaHCO3 ingestion as a means to
enhance  the  short  term  recovery  of  acid-base  balance  and  subsequent  exercise
performance is somewhat underexplored. Siegler et al. (2008) displayed the recovery of
acid-base balance following an exhaustive bout of cycling (110% peak power output (PPO)
to volitional exhaustion) is enhanced following pre-exercise NaHCO3  ingestion. Following
15 min of post-exercise passive recovery both pH and HCO3- recovered at a greater rate
compared to the placebo (7.31 ± 0.01 vs. 7.22 ± 0.01 and 17.9 ± 0.5 vs. 13.2 ± 0.5 mmol.l -
1).  A second bout  of  exercise  was  not  performed in  this  study however,  meaning the
potential  important  effects  of  NaHCO3 on  subsequent  exercise  performance  were  not
determined. 
Despite this, a number of studies have included a subsequent bout of exercise within the
same day following NaHCO3 (Verbitsky et al., 1997; Pierce, 1992; Zabala et al., 2011), with
equivocal findings to date. Verbitsky et al. (1997) reported quad torque measured at 10,
20, 30 and 40 min post recovery from an initial exhaustive bout was significantly greater
(%  increase  range  =  33%  to  135%)  following  NaHCO3.  This  increase  is  promising,
however no dynamic exercise was conducted to see if the observed quad torque increase
translated into a performance effect. Findings by Pierce et al. (1992) and Zabala et al.
(2011)  would  suggest  this  effect  fails  to  translate  into  dynamic  performance  following
NaHCO3,  by  reporting  no  performance  benefit  during  repeated  bouts  of  high-intensity
swimming, with 20 min rest interval and three Wingate tests interspersed with 15 min of
recovery, respectively. Nonetheless, Pruscino et al. (2008) demonstrated ergogenic effects
following NaHCO3 in 2 x 200m freestyle swims, interspersed with 30 min passive rest.
Performance improved by 1.6 s over the placebo, displaying a trivial to moderate benefit
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5via magnitude based inference (MBI)  analysis.  To date research is  varied in  terms of
exercise  modality  (cycling  and  swimming)  and  has  only  investigated  a  short  recovery
window (10 to 40 min). Furthermore, in the above studies (Pierce et al., 1992;  Verbistsky
et al., 1997; Pruscino et al., 2008; Zabala et al., 2011) pre-exercise ingestion of NaHCO3
was adopted meaning the enhanced extracellular buffering may have been utilised in the
initial  bout  of  fatiguing  exercise;  potentially  explaining  the  lack  of  an  effect  in  the
subsequent bout.
In theory, following an initial fatiguing bout ingestion of NaHCO3 may further enhance the
recovery of acid-base balance compared to pre-exercise ingestion. More specifically, not
utilising the enhanced buffering capacity (pH and HCO3-) within the initial fatiguing bout
unlike  pre-exercise  ingestion  studies,  might  heighten  the  chance  of  an  increased
performance in the subsequent  bout.  Nevertheless,  no investigation has evaluated the
effects  of  NaHCO3 ingestion  following an initial  fatiguing  bout  of  exercise  on both the
recovery of blood acid-base balance and subsequent exercise. This could have important
applied  benefits  to  athletes  who  complete  multiple  short-term,  high-intensity  efforts  in
events such as competitive track cycling, where the interval between high-intensity bouts
(heat then final) is typically 60 to 90 min. Likewise, in sports such as swimming (<2 hours)
and  cross-country  sprint  skiing  (20  to  30  min)  (Monedero  and  Donne,  2000;  Barnett,
2006). Therefore, the aim of this study was to investigate the effects of NaHCO3 ingestion
following an initial fatiguing bout of exercise on acid-base balance recovery kinetics, and
subsequent cycling time to exhaustion at 100% peak mean minute power (WPEAK) until
exhaustion. 
Methods
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6Participants
Nine healthy and active males (age: 23±2 years, height: 179±5 cm, body mass: 74±9 kg,
WPEAK:  256±45 W, peak oxygen uptake (VV̇O2PEAK) 46±8 ml.kg-1.min-1) volunteered for this
study which received University Ethics Committee approval. Unfortunately, one participant
withdrew  after  suffering  severe  gastrointestinal  (GI)  discomfort  following  NaHCO3
ingestion.  Each  participant  provided  written  informed  consent  and  also  completed  a
general  health  screening  questionnaire.  All  participants  were  recreationally  active,
completing 2 to 3 exercise bouts per week. Participants were excluded if they had ingested
any  alkalotic  buffers  such  as  NaHCO3,  sodium  citrate  or  β-alanine  in  the  form  of
supplements within the previous 3 months.  
Pre experimental procedures
Participants  were  requested  to  avoid  alcohol  and  strenuous  activity  24  hours  prior  to
exercise  trials.  Caffeine,  energy/sports  drinks  and spiced  foods  were  requested  to  be
avoided at least 12 hours prior to any trial (Maughan et al., 2004;  Westerp-Platenga et al.,
2006). Dietary intake 24 hours prior to experimental trials was checked and verified for
consistency using written and photographic logs (written log completion = 92%, photo log
completion = 55% in subsequent trials). Participants reported to the laboratory 3 hours
postprandial and all trials were conducted at the same time of day (±1 hour) to account for
circadian  rhythmic  effects  on  exercise  performance  (Cappaert,  1999).  Laboratory
temperature was set at between 19 and 21oC and trials were carried out a minimum of 3
and maximum 10 days apart (mean = 6±2 days). 
Peak oxygen consumption protocol and familiarisation procedures
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7Initially, participants completed a graded incremental exercise test (Higgins et al., 2013) on
an electromagnetically braked cycle  ergometer (Excalibur  Sport,  Lode, Netherlands)  to
determine VV̇O2PEAK and WPEAK,  using a protocol  as previously described (Higgins et al.,
2013). On the second and third visit to the laboratory participants undertook familiarisation
trials. The first (short) familiarisation trial consisted of two cycling bouts at 100% WPEAK until
volitional exhaustion, separated by a 60 min passive recovery period (TLIM1 and TLIM2). The
second (long) familiarisation required completion of the same two cycling bouts (TLIM1 and
TLIM2), apart from a 90 min passive recovery period was adopted. Cadence was set at 70
rev.min-1 for all TLIM bouts.
Experimental procedures 
A detailed overview of  experimental  procedures are outlined in Figure 1. Following an
initial  bout  of  cycling  at  100%  WPEAK until  volitional  exhaustion  (TLIM1),  participants
consumed either 0.3 g.kg-1 BM NaHCO3 or a taste matched sodium chloride placebo (0.1
g.kg-1 BM NaCl;  PLA) mixed with 4 ml.kg-1 tap water  and 1 ml.kg-1 sugar  free orange
squash  (Higgins  et  al.,  2013)  30  to  35  min  into  a  90  min  passive  recovery  period.
Treatments were administered double blind, with trials counterbalanced. During recovery,
participants were prescribed the same amount of water they consumed ad libitum during
the second familiarisation trial  (mean=867±325 ml).  Perceptual  measures of abdominal
discomfort (AD), gut fullness (GF), bowel urgency rating (BUR) and perceived readiness to
exercise (PRE) were collected using 11-point scales (i.e. 0-10) as per previous research
(Cameron et al., 2010; Higgins et al., 2013). Finger prick capillary blood samples were
collected in a 70µl sodium heparinized clinitube to be analysed for [BLa -], pH and blood
bicarbonate  ion  concentration  [HCO3-]  using  a  blood  gas  analyser  (ABL90  FLEX,
Radiometer Medical Ltd, Denmark). Following the 90 min recovery period a second bout of
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8cycling at 100% WPEAK until volitional exhaustion was completed (TLIM2). During each TLIM
bout  expired  gas  samples  were  collected  and  analyzed  to  determine  VV̇O2,  VV̇E and
respiratory exchange ratio (RER), and at every 1 min stage ratings of perceived exertion
localised to the legs (RPEL; Borg, 1982), HR (b.min-1) and ratings of dyspnea (RPD; 1-10)
were recorded. Measures for RPEL were taken as they have previously been shown to be
reduced following NaHCO3 (Higgins et al., 2013) and the legs represent the major muscle
groups used predominantly during cycling.
Statistical analysis
Statistical analysis was completed using SPSS (IBM v21/22, Chicago, USA). For all data
normality (Shapiro-Wilk) and homogeneity of variance/sphericity (Mauchly) were checked
to determine the appropriate statistical  tests.  Both AD and BUR were considered non-
normally distributed by the Shapiro-Wilk test. Due to uneven data sets (i.e. unbalanced
groups) at some time points HR, RPD and RPEL were examined with Mann-Whitney U
tests. Otherwise, a two-way repeated measures (treatment x time) ANOVAs were used
with Bonferroni corrections applied.  Tukey’s HSD post hoc analysis was undertaken  for
interactions  by calculating the difference required between means for significance at the
minimum level  of  P=0.05  (Vincent  and  Weir,  2012).  For  ordinal  data  (i.e.  GI  data)  a
Friedman test was used as an alternative to ANOVA and where significance was observed,
a  post-hoc  Wilcoxon  signed  rank-test  was  conducted,  with  median,  z  score  and
significance value reported. For ANOVA interactions and main effects the effect size (ES)
is reported as the partial η2 value. For normally distributed data the ES (d) was calculated
using the difference in means divided by the pooled SD of the compared trials with 0.2,
0.5, 0.8 considered as small, medium and large effects, respectively (Nakagawa & Cuthill,
2007). For non-normally distributed data (i.e. AD, BUR) the ES (r) was calculated as Z / √
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9n with 0.10, 0.24 and 0.37 considered as small, medium and large effects, respectively
(Ivarsson et al.,  2013). For Cohen’s d, 95% confidence intervals (CI)  are reported and
have been adjusted for bias using the appropriate correction factor (Hedges and Olkin,
1985; Lakens, 2013). To assess the repeatability of TLIM1, Intraclass Correlation Coefficients
(ICC) were calculated with point estimate, significance level (P value) and 95% CI reported
(Hopkins, 2000). 
Results
Exercise cycling to exhaustion
Mean WPEAK was 256±45W, which was identified from the initial graded incremental test.
Time to volitional exhaustion was highly repeatable between NaHCO3 and PLA for TLIM1
(265±72 s  vs.  264±55 s;  ICC = 0.92,  CI=0.64,  0.98,  P=0.001),  and was not  different
between  treatments  (P=0.91).  Participants  therefore,  started  the  recovery  period  at  a
similar level of fatigue. Following NaHCO3, TLIM2 was greater compared to PLA (246±70 s
vs. 211±65 s; P=0.007) and displayed a medium effect size (d=0.5, CI=-0.4, 1.4), meaning
NaHCO3 mitigated the decline in time to exhaustion to a greater extent following TLIM1. The
individual cycling time to exhaustion data from TLIM1 to TLIM2 is displayed in Figure 2.  
 
Blood responses
A treatment * time interaction was observed for pH (P<0.001;  η2=0.6) whereby pH was
greater for NaHCO3 compared to PLA after 60 min recovery (P<0.01) and 90 min recovery
(i.e.  60  min  post  ingestion)  (P<0.01)  displaying  large effect  sizes  (d=3.2,  CI=1.4,  3.9;
d=2.6, CI=1.4, 3.9), whilst pH was also greater 5 min post TLIM2 (P<0.05; d=0.3, CI=-0.6,
1.3; Figure 3). Similarly, there was a treatment * time interaction for [HCO3-]  (P<0.001;
d=0.8)  whereby [HCO3-]  was greater after 60  (P<0.01) and 90 min recovery (P<0.01)
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displaying large effect sizes (d=3.4, CI=2.6, 5.9; d=3.4, CI=2.3, 6.6, respectively), whilst
post TLIM2 (P<0.01; d=0.6, CI=-0.5, 1.4) and 5 min post TLIM2 (P<0.01; d=0.4, CI=-0.6, 1.3;
Figure  3)  were  also  greater.  A treatment  *  time  interaction  was  observed  for  [BLa -]
(P<0.001; η2=0.6). Although there was no difference between NaHCO3 and PLA post TLIM1
(15.3±3.3 vs. 14.5±3.3 mmol.l-1, respectively) and 5 min post TLIM1 (14.5±3.1 vs. 14.6±3.5.
mmol.l-1),  [BLa-]  was  greater  for  NaHCO3 post  TLIM2 (15.0±3.5  vs.  11.4±4.3.  mmol.l-1;
P<0.01) and 5 min post TLIM2 (15.6±4.9 vs. 11.6±4.5. mmol.l-1; P<0.01), with both displaying
a large effect size (d=0.9, CI=0.1, 1.8; d=0.8, CI=0.2, 1.8, respectively) compared to PLA.
Gastrointestinal discomfort
There was a main effect for time observed for AD following NaHCO3 (P=0.008), whereby
AD was greater at 60 (z=2.032, P=0.042) and 90 min (z=2.232, P=0.026) compared to 30
min  recovery.  No  differences  in  AD were  observed  between  NaHCO3 and  PLA at  30
(median NaHCO3=0 vs. PLA=0; z=-0.333, P=0.739), 60 (0 vs. 1; z=0.318, P=0.750) or 90
min (0 vs. 2; z=1.186, P=0.236) of recovery between treatments. There was no main effect
for time for GF following either NaHCO3 or PLA (P=0.069). There was a main effect for
time observed for BUR following NaHCO3 (P=0.007), whereby compared to 30 min, BUR
was greater at 60 (z=2.214, P=0.027) and 90 min (z=2.375, P=0.018) of recovery. 
Perceptual responses to exercise
There was no interaction (P=0.762, η2<0.1) or main effect for treatment (P=0.510, η2=0.1)
for PRE. There were no differences for RPEL, although RPD was greater at the end of TLIM1
for the NaHCO3 trial (8.3±1.5 vs. 7.7±1.6, P=0.022; d=0.4, CI=-0.6, 1.3).
Cardiorespiratory responses
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Heart rate was greater for NaHCO3 after 2 min of TLIM2 and (156±14 b.min-1 vs. 150±15
b.min-1; P=0.004; d= 0.4, CI=-0.5, 1.3) at the end of TLIM2 (172±15 b.min-1 vs. 166±14 b.min-
1; P=0.016; d=0.4, CI= -0.5, 1.3). There were main effects for time for VV̇O2,  VV̇E  and RER
(P<0.001; η2=0.9) with values greater at the end of exercise compared with rest for both
TLIM1 and TLIM2.
Discussion
This study is the first to investigate the effects of NaHCO3 ingestion following an initial
fatiguing bout on the recovery of acid-base balance and subsequent cycling exercise to
exhaustion. The TLIM test at 100% WPEAK was utilised to achieve an appropriate metabolic
perturbation and to  heighten the ergogenic potential  following NaHCO3  (Higgins et  al.,
2013). Here we have shown NaHCO3 ingestion accelerates recovery of both HCO3- and
pH post TLIM1, subsequently mitigating the decline of exercise cycling to exhaustion during
a subsequent bout of exercise. These results suggest that NaHCO3 ingestion could be an
important strategy for short term recovery following an initial bout of high-intensity cycling. 
After 90 min recovery both pH and HCO3- failed to fully return to resting/baseline levels
following PLA in this study. In contrast,  NaHCO3 restored acid base balance to resting
levels in 10 to 15 min, which was ~45 min after TLIM1 (Figure 3). This evidence suggests
that NaHCO3 can recover acid-base balance to baseline levels within a relatively short
time frame (around 15 min post NaHCO3 ingestion). This was achieved at a faster rate
than a previous study (Siegler et al., 2008) which utlilised a pre-exercise dose of NaHCO 3
where over 15 min were required.  Therefore,  ingestion of  NaHCO3 following the initial
exercise  bout  may  be  more  appropriate  to  maximise  post-exercise  acid-base  balance
recovery compared to prior  ingestion. Similarly,  the use of  the recovery window in the
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present  study also  allowed for  an  enhanced state  of  metabolic  alkalosis  prior  to  TLIM2
(Figure 3). However based upon the acid-base kinetic changes displayed in Figure 3, pH
and HCO3- were still  rising 60 min post NaHCO3 ingestion, which agrees with previous
research displaying peak alkalosis occurs later than the time frame adopted in the present
study (Carr et al., 2011b; Siegler et al., 2010). Therefore, if the recovery window was larger
we may have seen a more superior state of alkalosis, and based on this premise, resulted
in a more profound effect  of  NaHCO3 (McNaughton et al.,  2016;  Gough et al.,  2017).
These changes combined could be important for athletes whereby only a short time period
between competitive events or training bouts is available, whilst further research could
investigate the recovery of acid-base balance upon ingesting NaHCO3 within both shorter,
and longer time frames following exercise (i.e. 30 to 180 min).
The present study expands upon the findings of Pruscino et al. (2008) whereby NaHCO3
supplementation  improved  acid-base  balance  recovery  and  subsequent  swimming
performance. Although the authors reported trivial  to moderate effects for the NaHCO3
condition  using  magnitude  based  inference  analysis,  the  present  study  reports  a
substantial effect on exercise time to exhaustion with parametric statistical analysis. Both
the larger recovery period and post-exercise NaHCO3 ingestion (vs. pre-exercise) in our
study facilitated a greater recovery of pH and HCO3-  prior to the second bout of exercise,
as  both  HCO3- and pH was greater  in  the  present  study compared to  the  findings of
Pruscino et al. (2008) at 30 min of recovery (HCO3-: +17 vs. +12 mmol.l-1; pH +0.26 vs.
+0.18).  These  differences  in  experimental  approach  in  the  present  study  might  have
enhanced  buffering  capacity  to  a  greater  extent  and  subsequently  elicited  a  marked
ergogenic effect. It  is plausible this factor also explains why no effect of NaHCO3 was
observed during three Wingate tests interspersed with 15 min of recovery (Zabala et al.,
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2011), or repeated swimming (100 yard relay, followed by two x 200yard sprints) following
a 20 min passive rest (Pierce, 1992), as the recovery of acid-base balance during these
short  recovery  windows was  unlikely  to  have  been  sufficient  enough  to  influence  the
subsequent  bouts of  exercise.  In  comparison,  ingestion of  NaHCO3 following an initial
fatiguing  bout  seems  to  be  more  appropriate  for  acid-base  balance  recovery,  by
heightening the level of alkalosis prior to the subsequent bout of exercise. These data
combined, suggest athletes should consider the recovery window available in training and
competition  within  their  respective  sport(s)  to  evaluate  the  level  of  acid-base  balance
recovery that is viable.
The decline in  TLIM2 was mitigated by NaHCO3 ingestion  in  this  study (Figure 2).  The
mechanism for this improvement is most likely due to both the accelerated recovery of
acid-base balance, and the increased state of alkalosis prior to TLIM2 (i.e. HCO3- and pH)
(Figure 3). However, ergogenic effects on TLIM2 were not universally observed (Figure 2) as
three participants failed to  improve exercise cycling to  exhaustion (range:  -2% to 3%)
above daily variation (~6%) of a similar TLIM test employed in this study (Higgins et al.,
2014). This evidence agrees with the common inter-individual variation observed within
NaHCO3 research (Flinn et al., 2014; Saunders et al., 2014). A reason for such variation
might  be the ingestion strategy adopted in this study, with recent  work highlighting an
ingestion strategy based upon each individual’s alkalotic peak (i.e. pH or HCO3-) might be
more appropriate due to a high inter-individual variation to achieve peak alkalosis (Miller et
al., 2016; Jones et al., 2016; Deb et al., 2017; Gough et al., 2017). This might explain why
three  participants  failed  to  elicit  ergogenic  effects  from  NaHCO3 supplementation
administered  at  a  set  time  frame  (60  min),  corroborating  with  previous  research
(McNaughton, 1992; Vanhalato et al., 2010; Higgins et al., 2013). Exercise cycling time to
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exhaustion improved however in TLIM2 following NaHCO3 ingestion upon pH peaking at 60
min  recovery  for  two  participants,  despite  these  individuals  not  exercising  at  peak
alkalosis. Equally, in the aforementioned studies (Miller et al., 2016; Jones et al., 2016;
Deb et al., 2017; Gough et al., 2017) NaHCO3 ingestion was administered pre-exercise
and in resting conditions and not in the post exercise fatigue state of the present study.
Furthermore, the individualised approach still has some limitations (e.g. single samples,
sampling frequency) and to date, has not been directly compared to a standardised time
frame of ingestion. Therefore further investigation is warranted before an individualised
NaHCO3 dose can be utilised for recovery of acid-base balance.
The onset  of  GI  upset  is  of  practical  significance to  the  individual  following NaHCO3,
considering  it  may  counteract  the  ergogenic  effects  (Saunders  et  al.,  2014).  Despite
relatively  low  median  values  in  the  present  study  and  no  marked  differences  evident
between treatments, individual ratings ranged from 0 to 9 for AD, 0 to 10 for BUR and 0 to
6 for GF in the NaHCO3 treatment, respectively. Participant 8 for instance, reported the
highest  severity  of  GI  (AD=9, BUR=10) and also failed to  improve exercise cycling to
exhaustion. Furthermore, one participant withdrew from the study following severe GI as
they  were  unable  to  continue  exercise  within  the  allotted  recovery  period  following
NaHCO3. To counteract this an alternative strategy might be the use of capsule ingestion,
as Carr et al. (2011) reported the severity of GI upset was reduced compared to liquid
ingestion. However, this strategy would typically relate to a later time to peak alkalosis
compared to liquid ingestion (Jones et al., 2016; Gough et al., 2017). Therefore, athletes
and coaches should consider the GI response and the time available to heighten acid-
base balance following NaHCO3 in a training setting before selecting the ingestion method
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for use in a competitive scenario (Saunders et al., 2014; McNaughton et al., 2016; Gough
et al., 2017). 
A minor limitation of the present study is that participants were not formally questioned on
their perceptions of the ingested treatments. Recent evidence suggests that if participants
believe they have ingested NaHCO3, even when they haven’t, exercise performance can
be positively influenced. Therefore, the enhanced recovery between TLIM1 and TLIM2 might
be  partly  influenced  by  psychobiological  aspects  such  as  expectancy  of  ergogencity
(McClung  and  Collins,  2007;  Higgins  and  Shabir,  2016).  Nonetheless,  this  ingestion
strategy of the present study has been used previously (Higgins et al., 2013) and reported
both  ergogenic,  and  no  effects  of  NaHCO3 on  exercise  performance  where  exercise
intensity  was  the  primary  determinant  of  performance,  not  supplement  detection.
Furthermore, a consideration of this study is that at 90 min recovery, the PLA condition
was  close  to  baseline  levels  (pH  7.42±0.03,  [HCO3-]  26±2  mmol.l-1).  Likewise,  in  the
NaHCO3 condition the pre TLIM2 acid-base balance was reflective of studies employing pre-
exercise  ingestion  with  no  initial  acid-base  balance  perturbation  (Higgins  et  al.,  2013;
Saunders et al., 2014). Therefore, in some instances we might have displayed the known
ergogenic effects of  NaHCO3,  not  enhanced recovery  per se.  However,  at  the time of
NaHCO3 administration  (30  min  of  recovery)  only  one  participant’s  HCO3-,  and  two
participant’s  pH  had  recovered  to  baseline  levels  meaning  NaHCO3 was  generally
administered in a fatigued state. These acid-base balance changes subsequently led to a
substantially greater acid-base balance recovery by 90 min (Figure 3). Future research
could investigate the effectiveness of post-exercise NaHCO3 ingestion combined with a
shorter recovery period, to ensure the return of acid-base balance close to baseline values
has not occurred in the PLA condition prior to the subsequent bout of exercise. Equally,
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considering  the  low  sample  size  in  this  particular  study,  it  is  important  to  continue
examining the role of NaHCO3 on post-exercise acid base balance recovery kinetics and
subsequent exercise performance. 
In conclusion, this study is the first to evaluate the effects of NaHCO3  ingestion on post-
exercise acid-base balance recovery kinetics and subsequent high-intensity cycling time to
exhaustion.  Group  level  data  revealed  NaHCO3 ingestion  following  a  fatiguing  bout
accelerated recovery of pH and HCO3- compared to PLA and improved TLIM2 following a 90
min recovery period. Due to a variation in individual responses however (Figure 2), and the
risk of GI upset, NaHCO3 supplementation should be prescribed on an individual basis.
Considering the importance of accelerating acid-base balance recovery in a short time
frame (<30 min), and considering the continuing increase of both pH and HCO3- even after
the 90 min recovery window of the present study following NaHCO3, enquiry is warranted
to  evaluate  the  effectiveness  of  NaHCO3 ingestion  utilising  both  shorter,  and  longer
duration recovery time frames. 
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Figure Legends
Figure 1 – Schematic illustrating protocol for experimental trials.
Figure 2 – Changes in time to volitional exhaustion (TLIM1 and TLIM2) for individual 
participants for placebo (PLA) and sodium bicarbonate (NaHCO3) treatments.* PLA > 
NaHCO3 (P<0.01).
Figure 3 – blood pH (top) and bicarbonate concentration [HCO3-] over time (R = recovery).
Some error bars omitted for clarity. * NaHCO3 > PLA (* P<0.01, # P<0.05). 60 and 90 min R
> Rest for NaHCO3 ($  P<0.01). Horizontal dotted lines represent baseline resting levels.
Dotted arrows represent treatment ingestion.
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Time Period
Variable
T1
(Rest)
T2 (Pre
TLIM1)
T3 (During
TLIM1)
T4 (End
TLIM1)
T5 (5 min
post TLIM1)
T6 (30
mins R)
T7 (60
mins R)
T8 (90
mins R)
T9 (Pre
TLIM2)
T10
(During
TLIM2)
T11
(End
TLIM2)
T12 (5
min post
TLIM2)
HR        
Blood        
VV̇O2    
VV̇E    
RER    
RPD  
RPEL  
PRE    
AD   
GF   
BUR   
Key: HR = heart rate, blood = [BLa-], pH, [HCO3-], [K+], [Na+], [Ca++] and [Cl-], VV̇O2 = oxygen uptake, VV̇E = minute ventilation, RER = respiratory exchange ratio, 
RPD = ratings of perceived dyspnea, RPEL = ratings of perceived exertion localized to the legs, AD = abdominal discomfort, GF = gut fullness, BUR = bowel 
urgency rating, R=recovery. ** Treatment ingestion (30-35 mins recovery).
Figure 1 – Schematic illustrating protocol for experimental trials.
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Figure 2 – Changes in time to volitional exhaustion (TLIM1 and TLIM2) for individual 
participants for placebo (PLA) and sodium bicarbonate (NaHCO3) treatments.* PLA >
NaHCO3 (P<0.01).
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Figure 3 – pH (top)  and blood bicarbonate concentration [HCO3-]  over time (R =
recovery). Some error bars omitted for clarity. NaHCO3 > PLA (*  P<0.01, #  P<0.05).
60 and 90 min R > Rest for NaHCO3 ($ P<0.01). Rest > 60 min R for PLA (+ P<0.05).
Horizontal  dotted lines represent baseline resting levels.  Dotted arrow represents
treatment ingestion.
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